The photocatalytic (PC) and photoelectrocatalytic (PEC) activity of Cu-TiO 2 /ITO films for degrading formic acid in aqueous solution was investigated in this study.
Introduction
In past decades, heterogeneous photocatalysis using titanium dioxide (TiO 2 ) has attracted increasing attention in the field of environmental research for photodegradation of undesirable organics in aqueous phases (Fujishima et al., 2000; Ceńti et al., 2002) . However, the photocatalytic (PC) oxidation efficiency is greatly limited by the high extent of electron-hole recombination. Recently, a lot of investigations have been devoted to improving PC oxidation activity of TiO 2 catalysts by depositing various noble metals (Sasaki et al., 2001; Subramanian et al., 2001; Boccuzzi et al., 2002; Kamat, 2002) . In these cases, a Schottky barrier between the metal and TiO 2 is formed, while the metal and TiO 2 Fermi levels becomes equilibrium.
Under light irradiation, the conduction band electrons flow from TiO 2 to the deposited metal that can act as a sink for the photogenerated electrons. This migration of the generated electrons to metal particles can extend the lifetime of holes by suppressing the electron-hole recombination, which favors the PC oxidation of organic pollutants (Sasaki et al., 2001; Boccuzzi et al., 2002; Paola et al., 2002) . On the other hand, if the accumulated negative charges are not consumed or not further transferred out of the metal particles, some photogenerated positive holes will be attracted by negatively-charged metal particles that may become recombination centers (Sclafani and Hermann, 1998) . In fact, it has been reported that the PC oxidation activity of some metallized TiO 2 systems was comparable to (Chen et al., 1999) , or even less than that of native TiO 2 (Mu et al., 1989; Al-Sayyed et al., 1991) , although it is generally believed that the PC activity of TiO 2 can be improved by metallization. Furthermore, if the positively-charged holes, negatively-charged metal particles, and organic substances exist in a same reaction system, it is possible that the organic substances and the intermediates of their degradation could be either oxidized by the holes or reduced by the metal deposits. For example, Wang et al. (1998) have once observed the photoreduction of methylene blue in an Au/TiO 2 system. On the basis of the above considerations, it is important to further transfer the electrons trapped on the metal deposits out of the reaction system to ensure the organic substances oxidation in the systems. Photoelectrocatalytic (PEC) oxidation has been proven to be more efficient than PC oxidation by driving the photogenerated electrons to a counter electrode via an external circuit (Kim and Anderson, 1994; Vinodgopal et al., 1994; Pelegrini et al., 1999; Li et al., 2000; Byrne et al., 2002) . The external bias applied between the two electrodes not only spatially separates the capture of conduction band electrons from the oxidation process (Byrne et al., 2002) but also drives away the photogenerated electrons accumulated on the metal particles to another compartment of cell.
Consequently, the electron-hole recombination is reduced and the oxidation sites are separated from the reduction sites as well. Recently a lot of research has been directed to the PEC degradation of organic substances with TiO 2 films (Kim and Anderson, 1994; Vinodgopal et al., 1994; Pelegrini et al., 1999; Li et al., 2000; Arabatzis et al., 2003) , but not many with metal-loaded TiO 2 films. Hence, it is worth to make a comprehensive study about the PEC activity on metal-loaded TiO 2 films. The PEC effectiveness of an Ag-TiO 2 film was investigated in our previous study (He et al., 2002) .
Moreover, the TiO 2 -based PC oxidation techniques need to be eventually applied in water and wastewater treatment (Weiss et al., 2001) . In practice, it will be more attractive to employ some low-cost metals instead of noble metals to modify TiO 2 films.
In this experiment, Cu was selected as an expected metal to modify TiO 2 films.
Although the PC oxidation performance in Cu-TiO 2 powder systems has been investigated by different researchers (Hirano et al., 1997; Litter, 1999; Beydoun et al., 2002; Paola et al., 2002) , the PC and PEC oxidation performance in Cu-loaded TiO 2 film systems has not been reported yet. In this study, a TiO 2 film was deposited with Cu metal by a photoreduction process and the PC and PEC activity of the Cu-TiO 2 films was evaluated in the degradation of formic acid as a model chemical in aqueous solution, since formic acid has no light absorption in the range of 320-400 nm and has no spontaneous evaporation from aqueous solution (Kim and Anderson, 1994) .
Furthermore, formic acid not only exists in some actual industrial wastewaters such as the effluents from tanners, dye workshops, and printed fabrics mills (Claudel et al., 1984) , but also is one of stable intermediates in the mineralization of many organic pollutants (Chou et al., 1998; Davis and Green, 1999; Dinsdale et al., 2000) with resistance to further oxidation (Ogata et al., 1981) .
Experimental section

Preparation of TiO 2 /ITO and Cu-TiO 2 /ITO films
TiO 2 power (P25) was purchased from Degussa and the indium-tin oxide (ITO) conductive glass plates with a thickness of 1.3 mm were obtained from Shenzhen Nanya Technology Ltd. in China. TiO 2 /ITO films were initially prepared according to the following procedure in the literature (Vinodgopal et al., 1993) : 40 g of TiO 2 powder was added into 500 ml of deionzed water; The TiO 2 suspension was sonicated for 30 min to fully disperse the attached aggregates, and then vigorously agitated to form a suspension with fine TiO 2 particles; The TiO 2 particles in the suspension was coated on the ITO glass plate by dipping-casting. Then the TiO 2 -coated ITO glass plate was dried for 15 min on a hot plate at 100 °C and then sintered in a muffle furnace at 400 °C for 2 h. The above coating, drying, and sintering were repeated three times until resulting TiO 2 /ITO films were obtained. Then Cu-TiO 2 /ITO films were prepared by a photoreduction process to deposit Cu on the TiO 2 /ITO films. The photoreduction reaction was conducted in a PC reactor system as shown in Chamber A of Fig. 1, which consists of a 500-W high-pressure mercury lamp equipped with a double-walled quartz glass cooling tube and a rectangular quartz reactor (11.6 cm × 8.5 cm × 0.7 cm). The 
Characterization of TiO 2 /ITO and Cu-TiO 2 /ITO films
The prepared TiO 2 /ITO and Cu-TiO 2 /ITO films were first examined by a spectrophotometer (UV-PC3101PC) from SHIMASZU in Japan with an integrating sphere (Specular Reflectance ATT.5DEG) to record the diffuse reflectance spectra (DRS), in which the baseline correction was done using a calibrated sample of barium sulfate. Both the TiO 2 /ITO and Cu-TiO 2 /ITO films were then examined by a scanning electron microscope (SEM, JSM-6330F). The films were further analyzed by X-ray diffraction (XRD) using a diffratometer (Rigaku, D/Max-IIIA) with radiation of Cu target (K α 1, λ = 1.54056 nm). Energy dispersive spectroscopy (EDS) was also obtained through a SEM (Hitachi, S-520) equipped with a link analyzer (Oxford, ISIS-300) to determine the amount of Cu deposition on the Cu-TiO 2 /ITO films. The two chambers (A and B) were connected via a salt bridge. To conduct PEC reaction, either a TiO 2 /ITO or Cu-TiO 2 /ITO plate was used as an anodic electrode, and a Pt electrode and saturated calomel electrode (SCE) were used as counter and reference electrodes, respectively. In the meantime, an electrical bias between the anodic and cathodic electrodes was applied by a potentiostat (Model CH 650).
Experiments of PC and PEC oxidation
Analytical method
COD was measured by the standard method (APHA, 1995) . The degradation of formic acid in aqueous solution during the PC and PEC oxidation was determined with COD variation. The Cu 2+ concentration in aqueous solution was analyzed using ICP-AES (Perkin-Elmer Optima 3300DV).
Results and discussion
Characterization of TiO 2 /ITO and Cu-TiO 2 /ITO films
The quantity of TiO 2 loaded on the ITO plates was determined in the range of 0.94-1.00 mg cm -2 by weighing. To study morphology, the prepared TiO 2 /ITO and Cu-TiO 2 /ITO films were examined by SEM. From the SEM results, it was estimated that the TiO 2 film formed on the ITO plates had a thickness between 2-3 μm and the TiO 2 particle size of around 50 nm. Four SEM images of the TiO 2 /ITO film and the Cu-TiO 2 /ITO films generated at the photoreaction time of 5, 10, and 20 min are presented in Figs. 2a, 2b, 2c, and 2d, respectively. These SEM images showed the porous-structured surfaces similar to that reported by Vinodgopal and Kamat (1996) . It can be seen that the Cu deposits formed in the early stage (5 min) were small in size and mainly filled in the gaps between TiO 2 particulates. As the photoreduction reaction was extended, the amount of Cu deposition increased significantly and the size of Cu deposits also enlarged. However, the Cu deposits were not uniformly spread over the whole surface of TiO 2 film. It seems that the Cu deposits generated in the later stage were more easily situated on the Cu deposits generated in the early stage. Furthermore, the image in Fig. 2c demonstrated that these bigger Cu crystals possessed a well-defined cubic morphology, different from the prismatic crystals reported by Ramanathan et al. (1997) . However, the reason causing this morphology difference remains still unclear so far.
It was observed that there was a red layer on the surface of the Cu-TiO 2 /ITO film, which was different from that of the TiO 2 /ITO film. It was believed that the red layer resulted from the deposition of Cu from the photoreduction reaction. However, the photoreduction products of copper ion (Cu Cu particles acted as crystallized nucleus and behaved like electron sinks to which photogenerated electrons could be spontaneously transferred so that the subsequent photodeposition of Cu occurred more readily on the surfaces of these primary Cu deposits than on that of TiO 2 particulates. It may be also a potential indication that the copper metal, like other noble metals, existing on the TiO 2 surface could improve the separation of photogenerated electron and hole efficiently.
PC oxidation
The PC oxidation activity of the TiO 2 /ITO and Cu-TiO 2 /ITO films was evaluated in the degradation of formic acid in aqueous solution in term of COD removal. A set of PC oxidation tests was carried out in formic acid solution with the initial COD concentration of 157 mg l -1 using different Cu-TiO 2 /ITO films. All tests lasted for 60 min and the results are shown as the curve B in Fig. 4a . It can be seen that the COD removal efficiency was significantly affected by the amount of Cu deposition. The COD removal increased with the increase of Cu deposition initially and then achieved a maximum value gradually. Once the amount of Cu deposition was further increased, the COD removal began to decrease. The experiment demonstrated that the Cu-TiO 2 /ITO film with 1.5% Cu achieved the best performance in terms of COD removal (53%), which was significantly higher than that of TiO 2 /ITO film (39%). These results indicated that the 1.5% Cu deposited on the TiO 2 film was an optimum dosage on the Cu-TiO 2 /ITO film. Consequently, the Cu-TiO 2 /ITO film with 1.5% Cu was applied in the following experiments.
To better understand the dependence of COD removal efficiency on the amount of However, it is uncertain at this moment whether there is a similar corresponding relation between the optimal amount of metal deposition and the turning point of the reflectance spectra for other metal-TiO 2 films as well, in other words, whether the turning point can be considered as a criterion of the optimal amount of metal deposition.
A further investigation regarding this phenomenon is recommended.
PEC oxidation
Compared with the PC oxidation, the PEC experiment was also conducted in the two-chamber photoreactor system as shown in Fig. 1 . In which, the Cu-TiO 2 /ITO films with different amount of Cu deposition were applied as an anodic electrode and a Pt plate was used as a catholic electrode. In the meantime, an electrical bias of 0.8 V vs.
SCE was applied to anodic electrode. The COD removal in formic acid solution was investigated and the experimental results are shown as the curve A in Fig. 4a . It can be seen that the COD removal efficiency of the PEC process was significantly higher than that of the PC process. It was found that the Cu-TiO 2 /ITO film with 1.5% Cu achieved the best COD removal efficiency of 67% in the PEC process, while was only 53% in the PC process. It was also confirmed that all the Cu-TiO 2 /ITO films performed better than the TiO 2 /ITO film in this PEC reaction system, which implies that the deposited Cu can not only trap the photogenerated electrons but also assist the external electric field to migrate these electrons from the Cu-TiO 2 /ITO film to the counter electrode in another chamber of the reactor.
To study the effects of applied bias on the photocatalytic performance in the PEC reaction system, both the TiO 2 /ITO and Cu-TiO 2 /ITO films with 1.5% Cu were used to conduct formic acid degradation by applying different anodic bias in the range of 0-9.1 V. Both sets of experimental results are presented in Fig. 6 . The experiment confirmed that the COD removal efficiency in the PEC oxidation process was generally better than that in the PC oxidation process in the whole range of 0-9.1 V. But the curves A and B demonstrated the different behaviors affected by anodic bias. The COD removal with the TiO 2 /ITO electrode increased rapidly at the lower range of anodic bias between 0-0.8 V and further increased slowly once the anodic bias was higher than 2 V vs. SCE. The dependence of COD removal efficiency on the applied anodic bias in this study was found to be similar to that reported by Candal et al. (2000) . However, although the COD removal with the Cu-TiO 2 /ITO electrode also increased quickly at the lower range of anodic bias, it decreased rapidly while the anodic bias exceeded 0.8 V vs. SCE. This result indicated that there was an optimum bias using the Cu-TiO 2 /ITO electrode in the formic acid degradation with a very sensitive effect. The anodic bias of 0.8 V vs. SCE was found to be the optimum voltage in this experimental condition, which achieved a maximum COD removal of 67%.
The enhancement of COD removal efficiency in the experiments can be ascribed to that the externally applied anodic bias drives away the photogenerated electrons accumulated on Cu deposits via the external circuit, thus reducing the recombination of photogenerated electrons and holes and promoting the oxidation of formic acid. The decrease in COD removal efficiency at the higher range of anodic bias was probably due to the electrochemical oxidation of Cu, leading to Cu dissolution from the Cu-TiO 2 /ITO surface, since the voltage of the applied anodic bias was higher than the reduction potential of Cu (E 0 Cu 2+ /Cu = 0.345 V) (Latimer, 1952) .
The above phenomenon was only found on the basis of single-run experiment using . The surface morphology of the used Cu-TiO 2 /ITO film was also examined by SEM and the images before and after the PEC reaction are shown in Fig. 8 . It can be compared that the Cu crystals in Fig. 8b became much smaller than those in Fig. 8a with a significant change in shape. These results confirmed the existence of Cu dissolution from the Cu-TiO 2 /ITO film in the PEC process, while an anodic bias applied was higher than 0.8 V.
Alternation between PC and PEC oxidation
To overcome the electrochemical dissolution of Cu from the Cu-TiO 2 /ITO film, an alternative process between the PC and PEC oxidation was investigated. This approach is based on the fact that Cu 2+ ions are easily photo-reduced in absence of anodic bias.
Thereby, if an electrical bias between two electrodes in the reactor system was switched on to conduct a PEC process and alternatively switched off to conduct a PE process, it would be possible that the electrochemically dissolved Cu ). These findings demonstrated that the Cu deposits on the surface of Cu-TiO 2 /ITO film did experience the dissolution and deposition repeatedly in the alternative process.
Conclusion
This study has confirmed that the photocatalytic activity of a TiO 2 film in the PC and PEC oxidation processes can be improved by photodepositing Cu metal on its surface through a photoreduction process. However, the electrochemical dissolution of the deposited metals on TiO 2 film would be a technical problem in PEC oxidation processes, if they have a target to be applied in practice for water and wastewater 
